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ABSTRACT 
Optical pump-terahertz probe spectroscopy is a powerful contact-free technique for probing the electronic properties of 
novel nanomaterials and their response to photoexcitation. This technique can measure charge carrier transport and 
dynamics with sub-picosecond temporal resolution. Electrical conductivity, charge carrier lifetimes, mobilities, dopant 
concentrations and surface recombination velocities can be measured with high accuracy and with considerably higher 
throughput than achievable with traditional contact-based techniques. We describe how terahertz spectroscopy is 
revealing the fascinating properties and guiding the development of a number of promising semiconductor materials, 
with particular emphasis on III-V semiconductor nanowires and devices. 
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1. INTRODUCTION  
It is crucial, when developing optoelectronic devices based on novel nanomaterials, to have detailed knowledge of the 
electrical properties of the constituent nanomaterials. This knowledge, however, is often difficult to garner with 
conventional contact-based electrical measurements, owing to the small size and unconventional geometry of the 
nanomaterials. For example, III-V semiconductor nanowires are not amenable to Hall bar measurements due to their 
quasi-one-dimensional geometry. Optical pump–terahertz probe (OPTP) spectroscopy has emerged as a noncontact 
technique that is particularly well-suited for measuring a comprehensive set of electronic properties, including carrier 
lifetime, surface recombination velocity, ionised dopant concentration and carrier mobility in semiconductor 
nanomaterials. OPTP overcomes the difficulties associated with conventional contact-based electrical transport 
measurements, and it provides accurate measurements of charge carrier transport and dynamics at room temperature with 
subpicosecond temporal resolution. These terahertz (THz) measurements are now guiding the development of a wide 
range of novel devices, such as nanowire-based and hybrid metal halide perovskite-based solar cells,1 nanowire 
transistors,2 ultrafast optically switchable polarisation modulators3 and photodetectors.4 
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Figure 2. Photographs of methylammonium lead triiodide (MAPbI3) films deposited on quartz for OPTP measurements. 
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2.3 Optical pump–terahertz probe spectroscopy 
All measurements were performed at room temperature and with the sample held in a vacuum box. An amplified 
Ti:Sapphire laser was used for THz generation, photoexcitation of the sample, and terahertz detection. The laser 
generated 35 fs pulses centred at 800 nm at a 5 kHz repetition rate and a pulse energy of 800μJ/pulse. The laser beam 
was split into three paths so that 200 μJ/pulse was used to generate the THz probe pulse via optical rectification in a 
2 mm GaP crystal, 1.6 μJ/pulse was used as a gate for electro-optic detection of the transmitted THz pulse using a 200 
μm GaP crystal, and the remainder was used as the optical pump to photoexcite the sample at fluences between 1 and 
280 μJ/cm2. In most cases the 800 nm pulses were used to photoexcite the samples directly, but for wider bandgap 
samples (particularly perovskites), an optical parametric amplifier was used to generate higher energy photons. The THz 
probe measured an area of approximately constant photoexcited carrier density. The THz electric field, E, was detected 
using a balanced photodiode circuit connected to a lock-in amplifier, which was referenced to a chopper (2.5 kHz) in the 
THz generation beam. To detect the photoinduced change in THz electric field, ΔE, we used a second lock-in amplifier 
referenced to a second chopper (125 Hz) in the optical pump beam. The photoinduced change in the transmitted THz 
field, ΔE, is directly proportional to the photoconductivity of the sample. The pulses used for THz generation and optical 
photoexcitation travelled via variable delay stages to vary the relative arrival times of the pulses. To obtain 
photoconductivity spectra at a given time after photoexcitation, we varied the delay between the terahertz probe and gate 
pulses. To obtain photoconductivity decays as a function of time after photoexcitation, we varied the delay between the 
optical pump and terahertz probe pulses. 
3. RESULTS AND DISCUSSION
3.1 Charge carrier lifetimes and surface recombination velocities 
Photoconductivity decays obtained from InAs and InP nanowires were well-fitted with single exponential functions, 
suggesting that non-radiative Shockley–Read–Hall recombination is the dominant recombination mechanism. The 
lifetimes of the InAs nanowires exhibited a strong dependence upon diameter, with narrow diameter InAs nanowires 
exhibiting shorter carrier lifetimes than nanowires with wider diameters. Table 1 lists the photoconductivity lifetimes for 
InAs nanowires of different diameters. 
Figure 3. Photoconductivity decay of wurtzite InAs nanowires of 27 nm diameter. The cyan circles are the measured data 
points and the black line is a single exponential fit to the data. 
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Table 1.  Effect of nanowire diameter of photoconductivity lifetime for wurtzite InAs nanowires. 
Diameter 
(nm) 
Photoconductivity lifetime 
(ps) 
27 200 
45 290 
95 470 
195 660 
 
This diameter-dependence arises due to the dominance of surface recombination in nanowires with narrow diameters. By 
approximating the nanowire as an infinite cylinder and solving the continuity equation for diffusion and recombination, 
we obtain the following relationship between photoconductivity lifetime τ and nanowire diameter, d: 
 
d
S
v
411 += ττ . (1) 
Here τv is the lifetime in bulk material and S is the surface recombination velocity. By fitting Equation 1 to the data in 
Table 1, we obtain a value for the surface recombination velocity in wurtzite InAs nanowires of S = 3.0×103 cm/s.12 In 
contrast, the photoconductivity decays of InP nanowires did not exhibit strong dependence on diameter. This indicates a 
very low surface recombination velocity in the InP nanowires, which was calculated as S = 170 cm/s.13 
The photoconductivity decays of GaAs nanowires exhibit a strong dependence on nanowire diameter, but unlike InAs 
and InP nanowires were not single exponential.14 Furthermore, in GaAs nanowires the decay rate slows with increasing 
photoexcitation fluence and with increasing time after photoexcitation.15 These two observations indicate that the surface 
traps are saturable. We fitted the data with a pair of coupled rate equations describing the carrier concentration, N, and 
the surface density of unfilled traps, T. The maximum surface recombination velocity, which occurs in the limit of all 
traps being empty, was calculated to be 1.3×106 cm/s and the minimum surface recombination velocity in the limit of all 
traps being full was calculated to be 1.7×105 cm/s.14  
We then optimised the growth of AlGaAs shells to achieve surface passivation of GaAs nanowires and thereby enhance 
charge carrier lifetimes in GaAs/AlGaAs core–shell nanowires.15,16 Drastic improvements in photoconductivity lifetime 
were observed with increasing Al composition and increasing the thickness of the shell, as indicated in Table 2.17 
 
Table 2.  Effect of AlxGa1-xAs shell composition and thickness on the photoconductivity lifetime of GaAs/AlGaAs core–
shell nanowires. 
Al composition, x 
(%) 
Shell thickness 
(nm) 
Photoconductivity 
lifetime 
(ps) 
26 30 8 
50 5 650 
50 10 900 
50 16 1100 
50 34 1300 
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